BACKGROUND: Spinal muscular atrophy is a rare genetic disease with devastating neurodegenerative consequences. Timing of diagnosis is crucial for spinal muscular atrophy because early diagnosis may lead to early supportive care and reduction in patient and caregiver stress. The purpose of this study was to examine the published literature for diagnostic delay in spinal muscular atrophy. METHODS: A systematic literature search was conducted in the PubMed and Web of Science databases for studies published between 2000 and 2014 that listed any type of spinal muscular atrophy and without molecular, mouse, or pathology in the keywords. Mean and/or median age of onset and diagnosis and delay in diagnosis was extracted or calculated. All estimates were weighted by the number of patients and descriptive statistics are reported. RESULTS: A total of 21 studies were included in the final analysis. The weighted mean (standard deviation) ages of onset were 2.5 (0.6), 8.3 (1.6), and 39.0 (32.6) months for spinal muscular atrophy types I, II, and III, respectively, and the weighted mean (standard deviation) ages of confirmed spinal muscular atrophy genetic diagnosis were 6.3 (2.2), 20.7 (2.6), and 50.3 (12.9) months, respectively, for types I, II, and III. For studies reporting both age of onset and diagnosis, the weighted diagnostic delay was 3.6, 14.3, and 43.6 months for types I, II, and III, respectively. CONCLUSIONS: Diagnostic delay is common in spinal muscular atrophy. The length of delay varied by severity (type) of spinal muscular atrophy. Further studies evaluating this delay and tools such as newborn screening are warranted to end the diagnostic delay in spinal muscular atrophy.
Introduction
Spinal muscular atrophy (SMA) is a neuromuscular disease that affects approximately 1 in 6000 to 1 in 11,000 live births in the United States with a high carrier frequency of 1 in 40 to 60. [1] [2] [3] [4] SMA is an autosomal recessive disorder caused by mutations in the survival motor neuron (SMN) 1 gene and is characterized by degeneration of the motor neurons in the spinal cord, which results in progressive muscular atrophy and weakness. 1, 3 It has been shown that another gene, SMN2, codes for a protein similar to that encoded by the SMN1 gene and multiple copies of SMN2 can somewhat compensate for the loss of the SMN1 gene and alleviate the severity of clinical symptoms observed. 5, 6 SMA is classified into several types based on the age of onset of the disease and the degree of motor function achieved by the affected individual. 1, 3 Approximately 50% of patients diagnosed with SMA have type I, which has an early onset; these infants usually do not survive beyond the first 2 years without intervention. 1 Type I patients have the most severe form of SMA with extensive muscle weakness, are never able to sit without support, and have increasing difficulty over time with swallowing and feeding, and respiratory difficulties. 1, 3 In type II SMA, the onset of symptoms occurs slightly later than in type I and, although type II children are generally able to sit without support and some may stand, they are never able to walk independently. Type II SMA patients can present with varying severity of bone weakness (such as scoliosis), weakness in swallowing or chewing, and respiratory problems. 1 The survival rate of type II patients is higher than type I. 7, 8 Patients with type III SMA have less severe symptoms and are able to walk and reach the major motor milestones, but often lose the ability to walk over time as the disease progresses. 1, 9 These patients then need wheelchairs and may develop scoliosis, obesity, and other problems related to lack of mobility. 1, 9 Because symptoms for type III SMA appear later in childhood, type III is generally diagnosed later than type I or type II SMA. 1, 3 The type IV SMA category includes those patients with mild disease and who are diagnosed in early adulthood (age !18 years). 1 Although awareness of SMA is increasing, diagnostic delay is common as SMA symptoms can vary widely in onset and severity and can resemble other diseases. 10 This also may be due to the potential lack of expertise in this area for many health care professionals who may often rule out other diagnoses before considering SMA. Data on the frequency and extent of the diagnostic delay in SMA are limited. The objective of this systematic review was to evaluate the diagnostic delay in SMA and to identify potential factors for this delay based on the published literature.
Materials and Methods
A systematic review of the literature was conducted using the PubMed and Web of Science databases. Articles in English that were published between January 1, 2000, and August 21, 2014, were identified using the search terms: ("spinal muscular atrophy" OR "Werdnig-Hoffmann") AND ("type 1" OR "type I" OR infantile) NOT (pathology OR molecular OR mouse OR mice) for SMA type I; and "spinal muscular atrophy" AND ("type 2" OR "type II" OR "type 3" OR "type III") NOT (pathology* OR molecule* OR mouse OR mice) for SMA types II and III. This time frame was chosen because the genetic test for SMN1 became available in the late 1990s. 11 Included in the analysis were articles that reported age of first symptom onset and/or age of confirmed SMA genetic diagnosis. Studies with a prenatal SMA diagnosis, no confirmed genetic case, or adult onset patients (!18 years of age) and publications of case reports or case series were excluded.
Age of symptom onset, age of diagnosis as confirmed by genetic testing, and diagnostic delay were evaluated across studies. Age of onset was defined as the age of the patient when the first symptom was observed as reported by parents or caregivers using questionnaires or collected from medical charts in chart review studies. The age of diagnosis was defined as the age of the patient when SMA diagnosis was confirmed with genetic testing. Diagnostic delay was defined as the time between the age of onset and age of confirmed diagnosis and was calculated directly if both age of onset and diagnosis were reported in the same study. The mean and standard deviation (SD) of age of onset, confirmed diagnosis, and diagnostic delay for studies that reported mean ages were weighted by the number of patients in each study. The weight for each study was the proportion of patients in that study among all patients with the available age information. For example, the weight for Harada et al. 5 applied in the weighted mean age of onset calculation for type I was 11 (number of patients in Harada et al. 5 ; Table 1 ) divided by the total number of patients. The weighted mean age was then calculated as the sum of the product of ages reported in the study and the associated weights for the study. For studies that only reported median ages, the range of the medians was extracted. If both median and mean were reported, the mean was used in the analysis. As a sensitivity analysis, studies that reported median ages were analyzed and reported separately. An analysis of potential overlap in study populations in publications using the same dataset also was conducted. Age of onset and diagnosis also were examined by type of SMA, region (North America, Europe, and Asia Pacific), and year of publication.
Results
The initial search and screening by title resulted in 355 publications (Fig 1) . After reviewing the abstract, 204 publications were excluded because they did not meet the search criteria. The remaining 151 publications were reviewed in detail and an additional 130 were excluded because they did not meet the inclusion criteria. After excluding case reports, case series, and publications with only adult onset patients, a total of 21 publications were included in the final analysis (Tables 1 and 2, Fig 1) . Of these, 11 articles reported only age of onset, five reported only age of confirmed diagnosis, and five reported both age of onset and confirmed diagnosis (Tables 1 and 2 ). Although some publications included mean age information on more than one type of SMA, 11 articles studied SMA type I, 11 studied SMA type II, and 7 studied SMA type III ( Table 3) . Evaluation of potential overlap in patients from publications reporting data from the same dataset revealed no double counting of patients in the studies. Clinical research studies were the most common type of study (12; 57.1%), followed by retrospective chart review and registry review (six; 28.6%), and retrospective chart review with questionnaire survey (three; 14.3%). Six studies were conducted in North America, eight in Europe, five in Asia, one in Turkey, and one in Australia (Tables 1 and 2) .
The weighted mean AE SD age of onset was 2.5 AE 0.6 months (range 1.0-11.0 months; number of patients, n ¼ 420) for SMA type I, 8 Fig 2) .
For the subset of studies that reported both age of onset and age of diagnosis, SMA type III patients had the longest delay (43.6 months; n ¼ 25), followed by type II (14.3 months; n ¼ 105), and type I had the shortest delay in diagnosis (3.6 months; n ¼ 264; Table 4 ). For SMA type I, the difference between the weighted mean age of confirmed diagnosis (6.3 months) and the weighted mean age of onset (2.5 months) was 3.8 months, which was similar to the diagnostic delay measured in the subset of studies that included both age of confirmed diagnosis and mean age of onset (3.6 months; Table 4 ). Similarly, for SMA type II, the difference of 12.4 months was comparable to the delay in diagnosis observed in the subset of studies that included both age of confirmed diagnosis and mean age of onset (14.3 months). However, in SMA type III the difference between mean age and age of onset was 11.3 months versus 43.6 months from studies that evaluated both of these outcomes. In the studies that reported only medians (n ¼ 6), the range of reported median age of onset was 1.2-3.0 months for SMA type I, 7.5-15.0 months for type II, and 8.0-24.0 months for type III ( Table 5 ). The median age of diagnosis was 2.3-6.0 months for SMA type I, 11.5-13.2 months for type II, and 42.0 months for type III (Table 5) .
A subgroup analysis by region (data not shown) indicated that patients in North America appeared to have been diagnosed earlier than those in Europe or the Asia Pacific region. The weighted mean age of onset was greatest for SMA type III in North America compared with those in Europe and the Asia Pacific region. An analysis of delay in diagnosis by year of publication did not show any clear trends (data not shown). A further analysis of age of onset by SMN2 copy number also was inconclusive due to the small number of studies (n ¼ 3) reporting SMN2 copy numbers and mean age of diagnosis (data not shown).
Discussion
This is the first extensive systematic literature review to study the diagnostic delay in SMA. Our review included a wide range of studies from several regions and our results show that there is an apparent delay between when a patient with SMA shows symptoms to when the diagnosis is confirmed. From the results of this review, the only factor directly related to the length of delay in diagnosis was the type of SMA. The shortest delay in diagnosis was observed for SMA type I patients and the longest delay was for type III patients, indicating that severity of disease has an impact on time to diagnosis. Although we analyzed delay of diagnosis by geographic region and year of study publication, we did not find a clear correlation between delay in diagnosis and these factors, likely due to the small sample size. It has been noted that the delays in diagnosis of SMA resulted from patient visits to multiple health care professionals to rule out the possibility of other illnesses before genetic testing for SMA was performed and a confirmed diagnosis was obtained. 10 This "diagnostic odyssey" from the time first symptoms are noticed to a confirmed genetic diagnosis of SMA puts patients and caregivers through physical and mental stress. 10 Although it is not clear what kind of functional loss occurs during the delay, a later diagnosis may result in a missed opportunity for optimal early intervention for SMA. Early diagnosis and care of SMA also can lead to lower patient and caregiver burden; therefore, tools for improving the appropriate and early detection of SMA, such as newborn screening, may be warranted. [29] [30] [31] Regular newborn screening is currently not standard practice in the United States, although the SMAdetermining gene was identified in 1995 and the test is available. 11, 31, 32 The idea of newborn screening has a high level of support among parents of children who have SMA and among expecting parents. 33, 34 A long delay to diagnosis has been noted in other pediatric diseases as well. For example, a median delay of 35 whereas a delay of 6 months to more than 4 years has been documented in patients with Duchenne muscular dystrophy. 36 It is important to identify ways to reduce these delays to diagnosis for all pediatric diseases to provide earlier intervention for disease management or appropriate treatment. As shown in other childhood diseases, 35 earlier treatment has been associated with better outcomes and suggests that in a neurodegenerative condition such as SMA, an earlier diagnosis, particularly for type I and II patients, will be immensely helpful to increase the chance of survival using optimal care and supportive interventions.
A strength of this study is the application of stringent criteria by including only those publications that based diagnosis on confirmed genetic testing and excluding any case studies or case series. These criteria allowed us to obtain robust estimates (i.e., less affected by special cases in case report studies) for patients that were properly diagnosed with current technology, such as genetic testing. Moreover, the weighted mean age of onset and weighted mean age of diagnosis appeared to match between studies that reported only the age of onset or age of confirmed diagnosis and those that reported both age of onset and confirmed diagnosis, which indicates the validity of the findings. However, this study has a few limitations. The number of publications evaluated overall is small, and of these only a few focused on SMA type III; therefore, it is difficult to draw any conclusions for type III. Also, the age of onset may be affected by parental recall bias and could be more common in SMA type III patients because of the longer diagnostic delay. Therefore, more studies on age of onset and diagnosis of SMA, particularly type III, are needed to provide a reliable estimate of the diagnostic delay in these patients.
Conclusions
This systematic review clearly indicates that there is a delay in diagnosis of SMA and that the length of delay varies by the severity (type) of SMA. Based on the publications examined for this review, it is difficult to conclude if other factors are related to the delay. Newborn screening, which has resulted in improved outcomes for pediatric patients No. of studies for weighted mean with other diseases such as cystic fibrosis, 30 may provide an opportunity for earlier diagnosis of SMA and could be the most effective solution to end this SMA diagnostic odyssey. Future studies are necessary to confirm the observations in this report, to examine the extent of functional decline during the prediagnosis period, and to evaluate the potential negative impact the process of obtaining an appropriate diagnosis has on patients and families of patients with SMA.
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